Determining seed storage behaviour and planning suitable short-and long-term conservation strategies for genetic resources of many tropical tree species necessitates the understanding of seed morphology and seed biology. Three economically important species out of 35 Indian Garcinia species, bearing edible and medicinally valued fruits namely G. indica, G. cambogia and G. xanthochymus, were taken up for detailed studies on seed morphology and germination characteristics. The absence of differentiated embryo, endosperm or embryonic axis indicated that the so called "seed" is not a true seed. Germination characteristics of "seed" showed the clear cut presence of polarity in all the three species. Regeneration of multiple seedlings from whole seed and seed pieces further indicated the apomictic nature of seed. Based on seed characteristics and field examination of natural and raised populations, facultative agamospermy in G. indica and G. cambogia and obligate agamospermy in G. xanthochymus is indicated.
Introduction
Genus Garcinia L. belongs to the family Clusiaceae. It is composed of approximately 400 species, including dioecious, evergreen trees growing in tropical parts of the world (Maheshwari, 1964; Whitmore, 1973; Richards, 1990a) . In India it is represented by 35 species mostly distributed in Western and Eastern Ghats. Presence of agamospermy (seed apomixis) in genus Garcinia is known or suspected in at least ten species which have been further classified as facultative and obligate agamosperms (Richards, 1990a) . Out of 30 species of Garcinia producing edible fruits (Arora, 1998) , three important Indian species are kokam -G. indica (Thouars) Choisy, malabar tamarind -G. cambogia (Gaertn.) Desr. (syn. G gummi-gutta (L.) Robs) and Mysore gamboge -G. xanthochymus Hook.f.ex T. Anderson. These three species grow in Western Ghats of India as wild and semi-domesticated species. Fruits are valued for their nutritional and medicinal properties (Anonymous, 1980) . Fruit rind of G. indica and G. cambogia is reported to contain pharmaceutically active ingredient, Hydroxy citric acid (HCA) which accelerates fat burning and inhibits fatty acid synthesis (Krishnamurthy et al., 1982; Antony et al., 1998) .
Ascertaining seed longevity and seed storage behaviour for developing suitable conservation strategies for genetic resources of these tropical tree species requires the basic information on seed morphology, seed germination pattern and embryological and physiological status of seed. Such a information is still lacking in many tropical tree species including in these three Garcinia species. However, the preliminary studies on seed characters and germination of G. cambogia indicated it to be recalcitrant with variation in germination based on the seed coat colour (Chacko and Pillai, 1997) . Studies on seed characteristics and germination pattern have been described in a related species G. mangostana (Goh et al., 1988; Normah et al., 1992; Teo, 1992) and in the species Symphonia globulifera of a related genera (Corbineau and Come, 1986) . In the present study detailed investigations on seed morphology, structure and germination characteristics of seed and field examination in three uninvestigated species of Garcinia namely G. indica, G. cambogia and G. xanthochymus have been undertaken.
Materials and methods

Collection of fruits and field studies
Mature fruits of G. indica of 4 accessions (IC-136685-1, IC-136687-2, IC-136687-3 and IC-136682-2) and of G. cambogia of 6 accessions (IC-136677-1, IC-136677-2, IC-244081-2, IC-244083-1, IC-244077-1 and IC-244111-1) were harvested from orchard of National Bureau of Plant Genetic Resources (NBPGR), Regional Station, Thrissur, Kerala and 1 accession of G. xanthochymus (IC-136680-1) was collected during exploration trip from Western Ghats of India. Fresh fruits as a whole or extracted seeds wrapped in saw dust were transported by airmail to laboratory for various experiments. Fruits were cut open and seeds were extracted after removing the pulp (aril). Seeds were spread on filter paper sheets and air dried at room temperature for 3-4 hrs. Seed coat was removed just before experimentation.
Several surveys and exploration trips were undertaken to orchard at Thrissur and to natural forests of Western Ghats of Karnataka and Kerala states of India from 2000 to 2003 for germplasm collection and field examinations of trees. Frequency and population size of male and female trees, period of flowering and fruit setting and morphology of flower were recorded.
Germination studies
Decoated seeds were sterilized by treating with 0.1% mercuric chloride for 10-12 minutes followed by three rinses in sterile deionized water. Freshly extracted whole seeds were placed for germination in plastic Petri plates (11 cm diameter) lined with moist peat moss/ filter paper disc/absorbent cotton as substrata at 27±2°C with 16/8h light/dark photoperiod. Seeds were simultaneously put for germination in the polybags filled with mixture of compost and saw dust in nursery.
In another experiment whole seeds were cut into four equal pieces; two terminal end pieces and two middle parts and labeled as end 1 to 4. For germination, pieces of individual seeds were placed separately on various substrata in plastic Petri plates (11cm diameter) as done for whole seeds as well as under in vitro conditions. MS basal medium (Murashige and Skoog, 1962) supplemented with 2g l -1 charcoal was used for in vitro studies. Observations were recorded at weekly intervals. Shoot and/or root initiation from any part of the whole seed and seed piece was treated as germination. After germination, the end producing shoot was designated as 'S' end and that producing root as 'R' end. As the germination pattern for the middle parts was similar, averaged data is presented under 'M' part in the observations.
Moisture content
Moisture content of seeds was determined using low constant temperature oven method by drying at 103±2°C for 17 h (ISTA, 1976) . A part from 5-10 seeds each in triplicate were taken for each determination and moisture content expressed on fresh weight basis.
Histology
Fresh and germinated seed and seed pieces were fixed in FAA (Formalin: acetic acid: ethyl alcohol -9:1:1) fixative and dehydrated using TBA (Tertiary butyl alcohol) series and embedded in paraffin wax. Sections 5 to 8 µm thick were cut using Riechert jung microtome. Sections were stained in safrannin-fast green combination before mounting in DPX mountant and recording observations.
Data recording and statistical analysis
For seed germination experiments, four replicates of 20 seeds of G. indica and G. cambogia and three replicates of 5-10 seeds of G. xanthochymus were taken for whole seeds and seed segments for each treatment. These experiments were undertaken on all the 11 accessions and repeated over 3 years for both G. indica and G. cambogia, and over 2 years for G. xanthochymus to confirm the pattern of seed germination or regeneration in these species. Cumulative data over the accessions and years is presented in the form of histograms.
Data on germination of whole seeds and seed pieces was subjected to three factorial analysis of variance (ANOVA). For statistical analysis Indostate software, developed by Indostate Services, Hyderabad, India was used.
Results
Field examination
G. indica and G. cambogia trees were mostly found growing as populations in the forest, with single trees occurring occasionally. More than 500 trees of each species were observed as natural populations. Most of the populations consisted only the female trees, while some populations comprised only 5-10 percent male trees with rest of the female trees. In G. xanthochymus more than 100 trees were examined, however, no male tree was encountered. Peak period of flowering in male and female trees in G. indica was during January-February and January-April, while in G. cambogia it was January-April and March-May, respectively. In G. xanthochymus flowering in female trees occurred twice a year, from December-February and April-June.
Seed morphology
Each fruit contained 3-8 seeds in the three species. Seed length and breadth, seed weight, seed colour and moisture content of fresh seed and seed coat in these three species is given in the table 1. In G. indica and G. cambogia seeds were covered with a thick fibrous mucilaginous and resinous outer covering. Weight, dimensions and seed coat color were similar for decoated seeds of these two species. Seeds were large, kidney shaped, dorsi-ventrally flattened and white to light brown and brown in color in G. indica and G. cambogia. Color of seeds changed during maturity, fully ripen fruits posses brown seeds. Seeds of G. xanthochymus were the largest and the heaviest, concave or egg shaped and remained green even at full maturity. Freshly extracted seeds possessed high moisture content; 38.38% in G. indica, 43.91% in G. xanthochymus and 48.41% in G. cambogia. Fresh seeds germinated 80-97% (table 1). Examination of thin longitudinal sections of seeds indicated that in none of the three species there was a distinct endosperm, cotyledons and embryonic axis (figures 1 A,C,D) . In G. indica and G. cambogia a thin vascular strand traversed through the middle of the seed and connected both the ends ( figure 1A ) while in G. xanthochymus no such structure was visible. Most of the seed was a mass of undifferentiated tissue of cortical parenchyma cells that were full of storage materials. Morphology and structure of seed ends, did not show any structure akin to plumule or a radicle.
Germination characteristics
Germination on moist peat moss and under in vitro conditions were routinely used for germination assessment (figure 2).
Whole seed
Germination initiated within 8 to 20 days in the three species. Emergence of shoot and root was simultaneously observed from the 'S' end and the 'R' end, respectively in all the three species uniformly (figures 1C, D; 2A, C, E). Differentiation of primary shoot and root occurred from ends of vascular strand in G. cambogia ( figure 1C, D) and G. indica. This indicated the presence of polarity in these seeds. Emergence of shoot and root was followed within 30 days by the initiation of adventitious root from the 'S' end while the 'R' end occasionally produced adventitious shoots (figures 1B; 2A, C, E; 3 A, B, C). This led to the production of more than one seedling from single seed and in several cases generally two independent seedlings emerged from both the ends. Roots emerged at 'R' end were thin and hairy and growth of these roots was arrested once the adventitious root emerged at the 'S' end (figures 2 A, C, E). Frequency of shoot and root development in whole seeds from 'S' and 'R' ends in the three species upto 60 days is depicted in the figures 3A-C. Frequency of multiple seedling production (2 seedlings per seed) was 18% in G. indica, 16% in G. cambogia and 26% in G. xanthochymus (figures 3 A-C). Significant differences for root development among the species and for root and shoot development for the seed ends and days after putting were observed. No other interaction except between seed ends and days after putting showed significant differences in development of root and shoot (table 2) .
Seed pieces
Emergence of root and shoot was observed from 'R' and 'S' ends of seeds in addition to the middle cut portions ('M' part) of the seeds in all the three species (figures 2 B, D, F). Terminal cut ends 'S' and 'R' regenerated shoot and root, respectively and in more than 70% cases shoots and roots emerged within 10 days of putting for germination and by 30 days the emergence was almost complete. By 30 days adventitious root emerged below the shoot and similarly adventitious shoot emerged above the root, from the respective terminal ends. Middle cut portions of the seeds also regenerated adventitious shoots and roots almost simultaneously (figures 4 A-C) in all the three species. The frequency increased up to 60 days (figure 4); maximum (100%) being in G. xanthochymus. However, overall shoots from seed pieces initiated much earlier and were more frequent than from the whole seeds of the respective species. Adventitious roots and shoots emerged from both the cut sides of a middle seed part and later the root or shoot emerged to give rise to complete seedling or plantlet (figure 2 B, D, F). Frequency of both root and shoot regeneration from seed pieces was highest in G. xanthochymus in comparison to G. indica and G. cambogia (figures 4 A-C). In none of the species site of emergence of shoot and root or both from 'M' part was fixed or predictable. Significant differences in root and shoot development were observed among the species, seed parts and days after putting (table 3). Development of root and shoot was also significant when analysed for species with seed parts and seed parts with days after putting. Interaction of all the three factors combined showed the significant differences in shoot development only.
Discussion
Planning and development of suitable ex situ conservation strategy for genetic resources of tropical tree species which are depleting fast, require the basic information on seed germination, storage behaviour and physiological and reproductive nature of seed. Such studies are prerequisite for understanding the seed storage behaviour that is available for Table 2 . Analysis of Variance for root and shoot development from whole seeds after various periods germination in three Garcinia species.
only about 3% of higher plants presently (Hong and Ellis, 1996) . Several of the tropical species are wild and semi-wild and very little is known about their biology and especially seed germination and storage behaviour. G. indica, G. cambogia and G. xanthochymus are semi-wild species which bear large seeds with high moisture content at shedding. In none of the three Garcinia species there was a well defined endosperm/cotyledons and embryonic axis or any structure remotely similar to it, indicating that it is not a true seed. Instead, a vascular strand is seen which is similar to that referred to as "embryonic axis" in G. mangostana (Teo, 1992) .
In present studies seed germination pattern in all the three species was similar and peculiar, wherein at first instance the root and shoot sprouted from distal ends of the seed in intact and cut form, indicating polarity. In Symphonia globulifera a Clusiaceae member a similar seed germination pattern was observed and the two ends of seed were designated as radicular and gemmular pole (Corbineau and Come, 1986) . However, these poles could be distinguished morphologically in seeds only after the initiation of germination. Adventitious shoots and roots emerged later as confirmed by histological studies.
Similarities in shoot development and differences in root development patterns among the species indicated the differential trend of regeneration of roots and shoots from the seed ends in these Garcinia species. Significant differences in development of root and shoot from seed pieces among the species, seed parts and days after putting confirms the changes in frequency of root and shoot during the regeneration of seed parts. Combined statistical analyses for all the three factors indicated similarities in the root development and significant differences in shoot development pattern indicating no defined trend of regeneration in seed parts.
Much higher number of adventitious roots and shoots that emerged when seed pieces were germinated in all the three species further confirmed that the so called seed has no predefined structures for initiation of germination and seed is produced asexually. Such a regeneration of root and shoot from seed cut ends, seed halves and seed slices was reported in G. mangostana, where it was suggested that the bent or curved "embryonic axis" present on the same half of the seed led to the emergence of root and/ or shoot from it (Teo, 1992) . In view of the present investigations on three Garcinia species the presence of any embryonic axis in G. mangostana seed or seed halves is highly unlikely. Moreover, G. mangostana is a confirmed obligate agamosperm species (Richards, 1990b) and seeds present in this species are not true seeds but adventitious embryos, or hypocotyl tubercles or proembryos produced from integument (Lim, 1984; Morton, 1987; Richards, 1990 a,b) . According to Ha et al. (1988) production of multiple seedlings in general may infer the occurrence of agamospermy. A similar germination pattern and regeneration of so called seeds and seed pieces in G. indica, G. cambogia and G. xanthochymus in the present studies indicate the apomictic (agamospermous) nature of seeds in these three species.
Occurrence of germinable seeds in the absence of male trees in G. xanthochymus is indicative of obligate agamospermy similar to that reported in G. mangostana (Richards, 1990a) . Presence of germinable seeds in G. indica and G. cambogia where only 5 to 10% of male trees population existed and these were not always in the vicinity of female trees, in addition the incomplete synchronization in flowering period of male and female trees is indicative of facultative agamospermy in these two species similar to that reported in G. parviflora and G. hombroniana (Richards, 1990a) . Regeneration of multiple seedlings from the whole seed and seed pieces and field examination studies reported here are in conformity with the important evidences listed by Richards (1990a) that determine the agamospermy in genus Garcinia. Studies are continuing on reproductive biology and embryology to further confirm the type of agamospermy and development of so called "seed" in these Garcinia species.
